Dual Phase steels are currently attracting considerable attention because of their outstanding mechanical properties (1).
Austenite is found to be stabilised under a numb~r of circum~itances, indicating that several mechanisms probably contribute to overall stability.
In this work, we investigate the role of carbon in the transformation process, using a computer-controlled atom probe field ion microscope systco (2 9 :n to directly and quantitatively measure the car!:>on distribution .at the atomic le"·d.
Previous efforts to determine carbon atoo distributions in these steels by other experimental techniques have encountered a number of difficulties.
X-ray microanalytical methods lack · sensitivity to carbon, and attempts to use electron energy loss techniques have also so far been unsuccessful.
Accurate X-ray diffraction lattice parameter measureoents are not possible, because_ of the very fine ~cale of the distribution of the retained austenite in the form of thin films between the ~~rtensite laths.
The only experimental approach which has permitted an estimate to be made of the carbon content of the austenite phase is that of lattice imaging {~,5, 6).
Considerable difficulties are associated with this technique, since electron optical phenomena are known to affect lattice fringe spacings, the most important parameters being specimen thickness and deviation (s) from the exact Bragg condition (6) .
In certain favourable cases it has proved possible to obtain lattice images from the martensite and austenite phases simultaneously. thus en~bling the martensite fringe spacing to be used as a calibration for the nus~enite (5).
However. this requires an assumption to be made regarding the carbon level in the martensite phase, which is usually taken to be the nominal value for the steel concerned. Despite these limitations. the lattice imaging technique has produced indications of a substantial enrichment in carbon level in the austenite phase.
The object of the present work is to obtain an independent measurement of the carbon content of each phase, and also to investigate the segregation of carbon to interfaces and other lattice defects such as dislocations.
Experimental
A single alloy was used for this initial investigation. are given below.
The c?mposition and heat treatl'!lents This manuscript was printed from originals provided by the author. extremely rarely (for example none was found in an analysis of 7.soo ions taken from the martensite phase).
If a C-Mo complex ion is formed, it can only be to a very small extent, since the nominal level of molybdenum can be accounted for in the +1 and +2 charge states.
The results of quantitative analyses of carbon levels in the martensite and austenite phases of a number of specimens are summarised in Table I In each case, the carbon· level in the austenite.phase is enriched by a factor of about 2 with respect to the nominal level in the steel, In the martensite phase, on the other hand, the J,evel of carbon in the matrix is extremely low.
In part this must be due to the precipitation of fine carbides during the final tempering treatment at 200°C (e.g. Fig 3) .
However, two additional effects can be identified.
Firstly, a particularly high concentration of carbon is observed at the martensite-austenite interface. The cumulative total number of ions caught, which is plotted as the abscissa of this graph, may be taken as a measure of distance evaporated through the specimen; 100 ions is roughly equivalent to 0.4nm.
In a series of such traverses across martensite-austenite interfaces, the peak concentrations of carbon measured were in the range 10-24% (averaged over 100 ions).
Since the effective aperture for data collection was about . 2nm diameter in each case, it is possible that the carbon content in the actual plane of the interface is even higher than the range of values given above.
The second additional effect identified concerns the fine-scale distribution of carbon within the martensite laths. It appears that this distribution is markedly inhomogeneous. In addition to the very low background levels quoted in Table I , small localised regions are found, apparently remote from the fine carbides, in which the carbon concentration rises to the level of a few per cent over the distance of one or two nanornctres.
It seems likely that these local concentrations arise from the clustering of carbon atoms in the region of dislocations.
Further work is in progress to substantiate this point. Discussion
The most salient features of the experimental results described above are as follows: (i) a substantial enrichment of carbon in the retained austenite films. (ii) a large peak in carbon concentration at the martensite-austenite austenite interface. (iii) a marked inhomogeneity in the distribution of carbon in th~ martensite phase. These effects will be discussed in turn.
The observation of carbon enrichrr.cnt in the retained austenite films provides direct evidence of the cherr.ical stabilisation of this phase.
In general terms, the quantitative analyses produced by the atc.m probe are in agreement with the previous indirect measurements of austenite carbon content based on lattice i~aging methods (5).
As mentioned earlier in this paper, the lattice fringe spacing measurements relied on using the rr~rtensite fringes as a calibration, and assumed that the carbon content of the martensite matrix was the same as the nominal content for the steel as a whole.
It is therefore not altogether surprising that there is a spread in the lattice i~aging results, depending on which set of martensite lattice fringes was U!:>ed for calibration purposes.
The atom probe data should permit an approxi~ate correction to be ~ade to the lattice fringe calculations, and this should enable a better comparison between the two techniques.
This work is to be continued, and extended to asquenched specimens. The microstructures obtained consisted of laths of martensite surrounded by thin films of retained austenite, the austenite volume fraction being a few per cent.
Transmission electron microscopy has sho;m the tempered 1nartensite to be heavily dislocated, and to ·contain a fine dispersion of carbides (5).
Heat treatment II gave a significantly finer microstructure than heat treatment I, but the results obtained for carbon atom distributions are essentially similar in each case.
field ion specimens were prepared from O.Srrm square bars of the heat treated material using a t·Ho-stage polishing technique.
The first stage consisted of a standard double layer polish with an electrolyte of 25% perchloric acid in acetic acid floated on carbon tetrachloride. This served to produce a neck in the centre of the bar.
The second stage consisted of a single electrolyte of 2% perchloric acid in 2-butoxy-ethanol. This latter part of the polishing was continued briefly after the lower half of the bar had ·separated from the upper in order to rer11ove any deformed layers from the specimen.
Both stages of polishing were carried out at 25V D.C., and all solutions were initial~y cooled to 0°C.
The atom probe used in this investigation was a conventional time-of-flight instrument using a 159.5MHz dieital timer, interfaced to a PDP 11/10 computer.
A full description of the instrument can be found elsewhere (7) .
All analyses were carried out under the following experimental conditions: a) a system base pressure of <5 x lo-1° torr b) a background pressure.during analysis of <l x 10-9 torr i.e. with the image gas removed c) the specimen cryostat cooled Hith liquid nitrogen d) an effective.cata collection aperture of 2nm e) a pulse fraction of 15% f) a pulse repetition rate of 50Hz g) ion collection rates of between lo-2 and 10-1 ions per pulse h) a neon irr.age gas pressure of 4 x lo-5 torr.
The data collected from the Atorr. Probe is sequential and hence both average analyses of each phase and variations of composition with distance are obtained.
A more detailed explanation of data handling is given in r~ference (7).
Results
A series of field ion micrographs of the microstructures are sho~~ in Figs 1-3 .
Fig 1 shows a specimen of heat treatment II, in which a thin, darkly imaging, band of retained austenite (arrowed) separates tv;o martensite laths. Fig 2 shows the same specimen, later in the field evaporation sequence, Ylhen the dark a~stenite band is nearer to the centre of the image. The apparent ct:rvature of the austenite is due to the planar film of the austenite layer intersecting the curved specimen surface at an oblique angle. Figure 3 shows a specimen of heat treatment I .
In this case, the imaged region is fully rr4rtensitic, but a small carbide can be seen at the top right hand corner of the micrograph, near the martensite (200) pole. In all three microgruphs, spiral configurations can be seen in the vicinity of major crystallogrophic poles in the martensite phase.
These represent the points of emergence of dislocations at the surface of the specimens.
Typical atom probe spectra of the martensite and austenite phases are shown in Figs 4 and 5.
The spectra arc plotted on a se:mi-logarithmic scale to err.pf:asise the minor peaks -due to C, Cr, Mn, Si, and ~o.
The carbon spectrum is particularly complex, with peaks ~t mass-to-ch~~ge ratios (m/n) 6, 12, 18, 24, and 36, due respectively to the species C++, C or C2+ , C3 , C2+• and c 3 +. It should be noted that the presence of molybdenum somewhat complicates the evaluation of the carbon concentration.
The Mo +4 and +5 states have (m/n) values around 24
and 18 which overlap with the c 7 ,. and C3 ++ peaks respectively. Also, there is a possibility that carbon and ~olybdcnum could be associated in solid solution. If this were the case, then a C-Mo cc~plex ion could possibly be produced, the (~/n) value for which in the triply charged state would be around 26, thus overlapping with the C3+ peak.
However, in practice it is found that the molybcenum charec states which ~o:ould give rise to these ar..biguities occur The present observation of a very large local concentration of carbon at the transformation interface in such a tempered steel provides a simple and direct explanation for the retardation of subsequent reaction.
These results also help to explain the observed interlath decomposition on tempering of austenite to cementite (Temper Martensite Embrittlement) (9) in alloys containing retained austenite after quenching. Furthermore, the present data confirm the question as to whether lath martensite is really martensite or better referred to as "untransformed upper bainite" (5), since considerable diffusion must occur to account for the high carbon levels in the untransformed· austenite.
The observatJon of inhomogeneous distribution of carbon within the martensite phase is strongly indica.tive of the segregation of carbon to lattice defects such as dislocations. However, the visibility or otherwise of a dislocation in the FIH image depends on the orientation of its Burgers vector with respect to the local surface normal. Also, a dislocation may be pulled away from its solute atmosphere during FIM imaging, due to the mechanical stress assoQiated with the imaging electric field. Thus a simple one-to-one correlation between solute enriched regions in the specimen and the observation of dislocation spirals in the image would not be expected and indeed is not found. Further careful work will be required to establish in detail the nature of these solute atmospheres.
Finally, the possible relationship between the present measurements of carbon atom distribution and the mechanical properties of dual phase steels should be mentioned. It is clear that the properties 'of these steels must depend both on the chemical composition of each phase present, and on its stability. The present work opens up the possibility of new areas of study in the field of structure-property correlations. It is planned to continue the work with a series of alloys, to study the effects of different heat treatments upon carbon distributions, and to relate these to existing mechanical property measurements.
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